Post-transcriptional gene silencing (PTGS) is a defense mechanism that targets invading nucleic acids from endogenous (transposons) or exogenous (pathogens, transgenes) sources. Genetic screens based on the reactivation of silenced transgenes have long been used to identify cellular components and regulators of PTGS. Here we show that the first isolated PTGS-deficient mutant, sgs1, is impaired in the transcription factor NAC52. This mutant exhibits striking similarities to a mutant impaired in the H3K4me3 demethylase JMJ14 isolated from the same genetic screen. These similarities include increased transgene promoter DNA methylation, reduced H3K4me3 and H3K36me3 levels, reduced PolII occupancy and reduced transgene mRNA accumulation. It is likely that increased DNA methylation is the cause of reduced transcription because the effect of jmj14 and sgs1 on transgene transcription is suppressed by drm2, a mutation that compromises de novo DNA methylation, suggesting that the JMJ14-NAC52 module promotes transgene transcription by preventing DNA methylation. Remarkably, sgs1 has a stronger effect than jmj14 and nac52 null alleles on PTGS systems requiring siRNA amplification, and this is due to reduced SGS3 mRNA levels in sgs1. Given that the sgs1 mutation changes a conserved amino acid of the NAC proteins involved in homodimerization, we propose that sgs1 corresponds to a neomorphic nac52 allele encoding a mutant protein that lacks wild-type NAC52 activity but promotes SGS3 downregulation. Together, these results indicate that impairment of PTGS in sgs1 is due to its dual effect on transgene transcription and SGS3 transcription, thus compromising siRNA amplification.
INTRODUCTION
RNA interference (RNAi) is induced by double-stranded (ds) RNA, a form of RNA that rarely exists naturally in cells. Formation of dsRNA can result from the folding of singlestranded (ss) RNA or from the conversion of ssRNA into dsRNA by RNA-dependent RNA polymerases (RDR) (Bologna and Voinnet, 2014) . Double-stranded RNAs are processed by RNaseIII enzymes, including RNASE THREE-LIKE (RTL) and DICER-LIKE (DCL) (Bologna and Voinnet, 2014; Shamandi et al., 2015; Elvira-Matelot et al., 2016a) . DCL-mediated processing generates small RNAs, 21-24 nucleotides (nt) long, which bind to ARGONAUTE (AGO) proteins that execute RNAi at homologous sequences either through RNA cleavage or translation inhibition (post-transcriptional gene silencing, PTGS) or DNA modifications (transcriptional gene silencing, TGS) (Vaucheret, 2008) . The majority of endogenous small RNAs consists in 24-nt short interfering (si) RNAs that derive from transposons and repeats after production of short primary transcripts by Polymerase IV (PolIV), transformation into dsRNA by RDR2 and dicing by DCL3 (Blevins et al., 2015; Zhai et al., 2015) . The second largest class of endogenous small RNAs consists of 21-nt micro (mi) RNAs, which derive from MIR genes after folding of primary transcripts into imperfect hairpin structures that are recognized by DCL1 (Bologna and Voinnet, 2014) . Very few endogenous DCL4-dependent 21-nt siRNAs and DCL2-dependent 22-nt siRNAs exist naturally in plants (Bologna and Voinnet, 2014) . However, when RNA quality control (RQC) pathways are impaired, 21-and 22-nt siRNAs are produced from thousands of endogenous mRNAs (Martinez de Alba et al., 2015; Zhang et al., 2015b) , indicating that RQC pathways naturally degrade endogenous aberrant RNAs to prevent their entry into the PTGS pathway. Moreover, large populations of 21-and 22-nt siRNAs are generally produced from exogenous sources, for example viruses or transgenes (Bologna and Voinnet, 2014) . In the case of viruses, it is assumed that folded ssRNAs or replication dsRNA intermediates are processed by DCL4 and DCL2 to produce 21-and 22-nt siRNAs, respectively, which trigger antiviral PTGS upon loading onto AGO proteins, mainly AGO1 and AGO2 (Harvey et al., 2011; Wang et al., 2011) . In the case of transgenes, two situations exist. Either the transgene contains an inverted repeat and is thus designed to produce a ssRNA that can fold into a perfect dsRNA, or it only contains unique sequences and thus should not produce dsRNA. Surprisingly, both types of transgene produce siRNAs upon introduction into plant cells (Llave et al., 2002) , indicating that transgene-derived ssRNA is prone to be converted into dsRNA by RDRs. Supporting this hypothesis, genetic screens have identified RDR6 as an essential component of PTGS induced by sense transgenes (Dalmay et al., 2000; Mourrain et al., 2000) .
To explain how certain sense transgenes activate PTGS, it has been proposed that aberrant RNAs are produced in sufficient amounts to escape degradation by nuclear and cytoplasmic RQC pathways and enter cytoplasmic siRNA bodies, where they are transformed into dsRNA by RDR6 (Gy et al., 2007; Moreno et al., 2013; Yu et al., 2015; H ematy et al., 2016) . The nature of transgene aberrant RNAs had long remained a mystery until the recent identification of uncapped transgene RNAs resulting from the 3 0 end processing of readthrough transcripts at a given locus, indicating that the design of the transgene matters (Parent et al., 2015a) . RDR6-derived transgene dsRNAs are processed into 21-and 22-nt primary siRNAs by DCL4 and DCL2 (Parent et al., 2015b) , and loaded onto AGO1, which cleaves complementary target RNAs (Morel et al., 2002; Baumberger and Baulcombe, 2005) . Transgene RNA cleavage fragments are transformed into dsRNA through the action of SGS3, SDE5 and RDR6 (Mourrain et al., 2000; Jauvion et al., 2010) , and processed into siRNA duplexes by DCL4 to produce 21-nt secondary siRNAs that reinforce the cleavage of transgene mRNA through AGO1. Additional factors contribute to the efficiency of transgene PTGS, for example the RNA helicase SDE3 that binds to AGO1 (Dalmay et al., 2001; Garcia et al., 2012) or the RNA trafficking protein HYPER RECOMBINATION 1 (HPR1), which probably plays a role in bringing RNA molecules to the right place during PTGS (Hernandez-Pinzon et al., 2007; Jauvion et al., 2010; Yelina et al., 2010) . In addition, the nuclear ribonucleoprotein SmD1 probably facilitates PTGS by protecting transgene aberrant RNAs from degradation by the RQC machinery in the nucleus, thus increasing the number of transgene aberrant RNAs that succeed in entering siRNA bodies in the cytoplasm to eventually activate PTGS (Elvira-Matelot et al., 2016b) .
Besides components that directly affect RNA metabolism, PTGS genetic screens also identified components that are more related to chromatin. For example, mutations affecting JMJ14, a histone H3K4me3 demethylase, strongly reduce PTGS induced by sense transgenes, probably by reducing the level of transgene transcription (Le Masson et al., 2012) . JMJ proteins are found among all eukaryotes from budding yeast to human (Balciunas and Ronne, 2000) , and are generally present in large number (21 in Arabidopsis, 20 in rice, 30 in human) (Lu et al., 2008) . Different JMJ proteins target methylation on different lysine residues within different histones. However, how precisely these proteins control the level of histone methylation is unknown. Arabidopsis JMJ14 specifically targets H3K4 methylation (Lu et al., 2010) . Endogenous targets of JMJ14 include the FLOWERING LOCUS T (FT) locus (Yang et al., 2010) , resulting in early flowering of jmj14 mutants. Recently, JMJ14 was shown to interact with the transcription factors NAC50 and NAC52 to promote the regulation of endogenous genes (Ning et al., 2015; Zhang et al., 2015a) . Accordingly, mutation in JMJ14 or RNAi directed against NAC50 and NAC52 causes the deregulation of a common set of about 700 endogenous mRNAs, including about 500 over-accumulated and about 200 down-regulated mRNAs (Ning et al., 2015) . Whole-genome analysis of H3K4me3 levels in jmj14 revealed an increase in the H3K4me3 level at 555 endogenous genes and a decrease at 62 endogenous genes (Ning et al., 2015) . Although the general trend corresponds to what is expected from a mutation affecting an H3K4me3 demethylase, these results indicate that some loci respond in an opposite manner to deficiency of JMJ14. Moreover, our previous results (Le Masson et al., 2012) indicate that transgenes behave like this latter subset of endogenous JMJ14 targets.
Almost 20 years ago our group isolated the first PTGSdeficient mutant, sgs1 (Elmayan et al., 1998) , but this mutant long remained uncharacterized. Here we show that it is impaired in NAC52. As expected from the recently described JMJ14-NAC52 interaction (Ning et al., 2015; Zhang et al., 2015a) , sgs1 and jmj14 mutants, which were isolated from the same genetic screen, exhibit many similarities towards transgenes. This includes increased transgene promoter DNA methylation, reduced H3K4me3 and H3K36me3 levels, reduced PolII occupancy and reduced transgene mRNA accumulation, suggesting that JMJ14 and NAC52 interact to promote transgene transcription. Whereas jmj14 and nac52 null alleles have a similar effect on PTGS triggered by inverted-repeat transgenes (Zhang et al., 2015a) , sgs1 has a stronger effect on PTGS triggered by sense transgenes than jmj14. We show that the expression of SGS3, a PTGS component involved in siRNA amplification that is essential for PTGS triggered by sense transgenes but dispensable for PTGS triggered by invertedrepeat transgenes, is strongly reduced in sgs1 whereas it is moderately affected in jmj14 and nac52 null alleles, suggesting that sgs1 corresponds to a neomorphic nac52 allele encoding a mutant protein that lacks wild-type NAC52 activity but somehow impairs SGS3 transcription. Therefore, the strong effect of sgs1 on PTGS systems involving siRNA amplification is probably due to its dual effect on transgene transcription and on the transcription of an essential cellular component of PTGS amplification, namely SGS3.
RESULTS
Map-based cloning of sgs1 identifies a novel nac52 allele
The sgs1 mutation was mapped to a 330-kb interval on Chromosome 3. Right in the middle of this interval lie NAC50 and NAC52, two adjacent genes encoding closely related proteins that interact directly with the histone H3K4me3 demethylase JMJ14 (Ning et al., 2015; Zhang et al., 2015a) . Given that a jmj14 mutant was previously identified in the L1 PTGS screen (Le Masson et al., 2012) , and that sgs1 exhibits an early flowering phenotype similar to jmj14 (Figure 1a ), we sequenced NAC50 and NAC52 in the sgs1 mutant. No change was found in NAC50, whereas a point mutation was identified in the NAC52 gene, which changes arginine 32 into glutamine (Figure 1b) within the conserved A subdomain of NAC proteins (Kikuchi et al., 2000; Jensen et al., 2010) . To confirm that PTGS impairment and early flowering in sgs1 were actually due to the mutation in NAC52, L1/sgs1 plants were transformed with a pUBQ10:NAC52 or a pUBQ10:NAC52-GFP construct. Both constructs restored wild-type flowering ( Figure 1a ) and L1 PTGS (Figure 1c) , indicating that the mutation in NAC52 is causal for PTGS deficiency and early flowering in sgs1. Because JMJ14 interacts with both NAC50 and NAC52 (Ning et al., 2015; Zhang et al., 2015a) , L1 was crossed to the nac50-1 allele (SAIL_841_F01) to determine the effect of a nac50 single mutation on L1 PTGS. Results indicate that L1 PTGS operates efficiently in L1/nac50 (Figure 1c) . Moreover, unlike nac52-1 and sgs1 mutants, the nac50-1 mutant does not exhibit early flowering ( Figure S1 in the Supporting Information), suggesting that in wild type plants NAC50 plays minor role, if any, in L1 PTGS and flowering time. Nevertheless, wild-type flowering ( Figure 1a ) and L1 PTGS ( Figure 1c) were restored in L1/sgs1 plants transformed with a pUBQ10:NAC50 construct (Figure 1c ), indicating that NAC50 and NAC52 proteins are exchangeable but have a distinct contribution, probably due to distinct expression pattern and levels. jmj14 and sgs1 have similar effect on transgene chromatin and expression Mutation in JMJ14 or RNAi directed against NAC50 and NAC52 causes the deregulation of a common set of about 700 endogenous mRNAs, including about 500 over-accumulated and about 200 downregulated mRNAs (Ning et al., 2015) . We previously reported that jmj14 causes reduced accumulation of transgene mRNA irrespective of whether the transgenic line analyzed carries a stably expressed transgene or a transgene that undergoes PTGS in wild-type plants ( Le Masson et al., 2012) . To determine if the sgs1 mutation affects transgene expression in the same manner as jmj14, we first examined the effect of sgs1 on stably expressed transgenes. For this, L1/sgs1 was crossed to Col and the L1 transgene was segregated away in the F 2 generation. Then, the transgene-free sgs1 mutant was crossed to line 6b4, which carries a stably expressed p35S:uidA (GUS) transgene. Line 6b4/sgs1 was analyzed simultaneously with the 6b4 control and the previously described 6b4/jmj14 line (Le Masson et al., 2012) . Results indicate that GUS activity and uidA mRNA accumulation are decreased in 6b4/sgs1 and 6b4/jmj14 compared with 6b4 ( Figure 2a ). In addition, the levels of H3K4me3 and H3K36me3 and PolII occupancy in the 35S promoter are decreased in 6b4/sgs1 and 6b4/jmj14 compared with 6b4 ( Figure 2b ). Moreover, DNA methylation of the 35S promoter is increased in 6b4/sgs1 and 6b4/jmj14 compared with 6b4 (Figure 2c ), indicating that sgs1 and jmj14 have a similar effect on the chromatin and expression of transgenes that do not undergo PTGS.
To determine if sgs1 and jmj14 generally affect transgene chromatin and expression independent of the locus considered, L1/sgs1 was crossed to L1/rdr6 to produce the non-silenced L1/rdr6 sgs1 line. This line was analyzed simultaneously with the L1/rdr6 control and the previously described L1/rdr6 jmj14 line. Results indicate that GUS activity and uidA mRNA accumulation are decreased in L1/ rdr6 sgs1 and L1/rdr6 jmj14 compared with L1/rdr6 (Figures 2d and S2 ). In addition, H3K4me3 level is decreased in L1/rdr6 sgs1 and L1/rdr6 jmj14 compared with L1/rdr6 (Figure 2e ), confirming that sgs1 and jmj14 have a similar effect on transgene chromatin and expression, independent of PTGS.
sgs1 exhibits specific defects compared with jmj14, nac50, nac52 or nac50 nac52 mutants Besides having the same effect on transgene chromatin and expression, jmj14 and sgs1 exhibit the same early flowering phenotype (Figure 1a) , consistent with previous reports on jmj14 and nac52 or nac50 nac52 mutants (Jeong et al., 2009; Le Masson et al., 2012; Ning et al., 2015) . However, sgs1 exhibits an additional developmental phenotype that is not seen in jmj14, nac50, nac52 or nac50 nac52 mutants (Figure 3a ). This phenotype consists of the downward curling of the leaf margins (Figure 3a,b) , and is reminiscent of the phenotype caused by defects in the TAS3 trans-acting (ta)-siRNA pathway (Adenot et al., 2006; Fahlgren et al., 2006; Garcia et al., 2006) . Briefly, MIR390a and MIR390b genes produce a miRNA, miR390, which targets the cleavage of TAS3 RNA through AGO7 (Montgomery et al., 2008) . Owing to the action of RDR6, SDE5 and SGS3, one of the resulting cleavage products is transformed into dsRNA, which is processed into TAS3 ta-siRNAs by DCL4. These ta-siRNAs are loaded onto AGO1, guiding the cleavage of ARF2, ARF3 and ARF4, which control leaf development. Reduced accumulation of TAS3 ta-siRNAs was observed in sgs1 (Figures 3c and S3 ), which correlate with increased levels of ARF4 mRNA, suggesting that the downward curling of sgs1 leaf margins is due to defects in the TAS3 ta-siRNA pathway. (a) uidA (GUS) mRNA, uidA siRNA accumulation and GUS activity (expressed as fluorescence units min À1 lg À1 total proteins) in aerial parts of 17-day-old plants of the indicated genotypes. Tissues were ground and separated into two for RNA gel blot and GUS activity analyses. High-and low-molecular-weight (HMW and LMW) RNA fractions of the indicated genotypes were tested with a 3 0 GUS probe. U6 and 25S RNA served as loading controls for LMW and HMW RNA blots, respectively. (b) Relative enrichment of H3K4me3, H3K36me3 and Polymerase II (Pol II) on the 35S promoter of the 6b4 locus in the aerial part of 17-day-old seedlings of the indicated genotypes. Chromatin immunoprecipitation (ChIP)-qPCR analyses were performed with the indicated antibodies and with anti-histone H3 to normalize levels to nucleosome occupancy. Levels are given as percentages of IP/Input relative to GAPDH used as a control. The graphical representation shows the fold change as the mean of two to four biological repeats. Error bars represent the standard deviation. (c) DNA methylation state at the 35S promoter. Methylation was evaluated by Southern blots on DNA extracted from aerial parts of 17-day-old seedlings, digested by EcoR1, HindIII and MspI (M) or HpaII (H) and hybridized with a probe corresponding to the À553 +1 fragment of the 35S promoter. A map of the 35S promoter is indicated below. (d) uidA (GUS) mRNA, uidA siRNA accumulation and GUS activity (expressed as fluorescence units min À1 lg À1 total proteins) in aerial parts of 17-day-old plants of the indicated genotypes. Tissues were ground and separated into two for RNA gel blot and GUS activity analyses. High-and low-molecular-weight (HMW and LMW) RNA fractions of the indicated genotypes were tested with a 3 0 GUS probe. U6 and 25S RNA served as loading controls for LMW and HMW RNA blots, respectively. Distinct boxes indicate that the samples were separated by tracks that are not relevant for this work. The original blot is presented in Figure S2 . (e) Relative enrichment of H3K4me3 on the 35S promoter of the L1 locus in the aerial part of 17-day-old seedlings of the indicated genotypes. The ChIP-qPCR analyses were performed with anti-H3K4me3 antibodies and with anti-histone H3 to normalize levels to nucleosome occupancy. Levels are given as percentages of IP/Input relative to GAPDH used as a control. Graphical representation shows the fold change as the mean of two to four biological repeats. Error bars represent the standard deviation.
TAS1 and TAS2 ta-siRNAs was also observed in sgs1 (Figures 3c and S3) , indicating a general impairment of the ta-siRNA pathway in this mutant. In contrast, accumulation of TAS1 ta-siRNA was not affected in jmj14 and nac50 nac52 mutants (Figure 3d) , consistent with the absence of leaf defects in these mutants (Figure 3a) , suggesting that the sgs1 allele exhibits an atypical behavior that is not seen in jmj14 or other nac52 alleles.
sgs1 also differs from jmj14 in terms of impairment of transgene PTGS. Indeed, L1/jmj14 exhibits increased uidA mRNA and GUS activity levels compared with L1, but the levels in L1/jmj14 are much lower than those in L1/rdr6 (Figures 4a and S2) . This difference could not be explained by the reduction of transgene transcription caused by jmj14. Indeed, a comparison of uidA mRNA and GUS activity levels in L1/jmj14 rdr6 and L1/rdr6 (Figure 4a) indicates that jmj14 reduces L1 transcription two-fold, similar to the two-fold reduction of 6b4 transcription observed when comparing 6b4/jmj14 with 6b4 ( Figure 2a) . Therefore, the 10-fold reduction of uidA mRNA and GUS activity levels in L1/jmj14 compared with L1/rdr6 suggests that partial PTGS is still going on in jmj14. The situation is very different in the sgs1 mutant. Consistent with the two-fold reduction of uidA mRNA and GUS activity levels in 6b4/sgs1 compared with 6b4 (Figure 2a) , uidA mRNA and GUS activity levels in L1/sgs1 rdr6 are two-fold lower than those observed in L1/rdr6 (Figure 4a ), indicating that, like jmj14, sgs1 reduces L1 transcription by two-fold. However, uidA mRNA and GUS activity levels are similar in L1/sgs1 and L1/sgs1 rdr6 (Figure 4a ), indicating that PTGS is not operating in sgs1, which contrasts with the situation in jmj14.
The different effect of sgs1 and jmj14 towards L1 PTGS may be due to the nature of the sgs1 mutation, which only changes one amino acid of the NAC52 protein (Figure 1b) . Therefore, we aimed to look at the effect of null nac52 alleles. Unfortunately, the available nac52 T-DNA mutants (Zhang et al., 2015a) are not amenable for L1 PTGS analysis because they belong to the SALK and WISC T-DNA collections that have been shown to cause transcriptional interference with 35S-driven transgenes, thus compromising PTGS analysis (Daxinger et al., 2008; Mlotshwa et al., 2010) . To circumvent this issue, the L1 line was crossed with a nac50 nac52 double mutant obtained by CRISPR/ Cas9 technology (Ning et al., 2015) . Analyzing the effect of a nac50 nac52 double mutation instead of a single nac52 mutation is unlikely to cause problems in the analysis of L1 PTGS because the nac50 mutation by itself does not affect L1 PTGS (Figure 1c) . Remarkably, L1/nac50 nac52 plants exhibited GUS activity and accumulation of uidA mRNA similar to those levels observed in L1/jmj14 (Figure 4b ), i.e. below those observed in L1/sgs1. The similar effect of jmj14 and nac50 nac52 on uidA mRNA and GUS activity levels is consistent with previous reports indicating that JMJ14 and NAC50/NAC52 interact to regulate gene expression (Ning et al., 2015; Zhang et al., 2015a,b) . Therefore, the specific effect of sgs1 on ta-siRNA accumulation and transgene PTGS is probably is due to the nature of this allele.
sgs1 reduces ta-siRNA accumulation and suppresses transgene PTGS by inhibiting SGS3 expression Because DCL4, RDR6, SDE5 and SGS3 are commonly required for the production of TAS1, TAS2 and TAS3 tasiRNAs and for the amplification of siRNA during transgene PTGS, we examined their expression in the sgs1 mutant. Results indicate that DCL4, RDR6 and SDE5 levels are marginally affected, whereas SGS3 mRNA accumulation is seven times lower in L1/sgs1 compared with L1, which could explain the reduction of ta-siRNA accumulation (Figure 5a ). To determine whether SGS3 downregulation is actually due to the sgs1 mutation or if another mutation genetically linked to sgs1 is responsible for this downregulation, SGS3 mRNA accumulation was analyzed in L1/sgs1/pUBQ10:NAC52-GFP, L1/sgs1/pUBQ10:NAC52 and L1/sgs1/pUBQ10:NAC50 transformants exhibiting restored L1 PTGS and restored leaf development (Figure 5b) . Results indicate that SGS3 mRNA accumulation is much higher in restored L1/sgs1/pUBQ10:NAC52 and L1/ sgs1/pUBQ10:NAC50 transformants than in untransformed L1/sgs1 plants (Figure 5c ), indicating that the sgs1 mutation actually is responsible for the reduction of SGS3 expression.
Analysis of the transcriptome of the jmj14 single mutant and nac50 nac52 double mutant identified 700 endogenous genes regulated by JMJ14 and/or NAC50/52, among which SGS3 is not present (Ning et al., 2015) . Moreover, chromatin immunoprecipitation (ChIP) analyses did not identify SGS3 among the genes to which NAC50, NAC52 or JMJ14 bind (Zhang et al., 2015a) . These data therefore suggest that the sgs1 allele exhibits an atypical behavior towards SGS3. To confirm this, SGS3 mRNA accumulation was analyzed in jmj14, nac50, nac52 and nac50 nac52 mutants. Results indicate that jmj14, nac50, nac52 and nac50 nac52 do not show the seven-fold reduction in SGS3 mRNA accumulation observed in sgs1 (Figure 5d ), consistent with jmj14, nac50, nac52 and nac50 nac52 exhibiting normal leaf margins, whereas sgs1 exhibits downward curling (Figure 3a) . These results therefore indicate that jmj14, nac50, nac52 and nac50 nac52 loss-of-function mutants do not recapitulate the effect of sgs1 on SGS3 expression.
To further determine whether the effect of sgs1 on SGS3 occurs at the transcriptional or post-transcriptional level, sgs1 plants were transformed with pSGS3:SGS3 or p35S: SGS3 constructs, which both efficiently complement the sgs3 mutant (Mourrain et al., 2000; Elmayan et al., 2009) . Of course, a p35S-driven SGS3 construct is expected to undergo reduced transcription in a sgs1 background. Nevertheless, only a two-fold reduction in transcription is imposed by sgs1 on p35S-driven transgenes, which makes a p35S:SGS3 construct appropriate for this experiment. L1/ sgs1/pSGS3:SGS3 transformants exhibited downward curling of leaf margins (Figure 6a ) and lacked ta-siRNAs (Figures 6b and S4) , similar to the sgs1 mutant. Moreover, they lacked uidA siRNAs (Figure 6b ) and exhibited high GUS activity (Figure 6c ), similar to L1/sgs1. In contrast, L1/ sgs1/p35S:SGS3 transformants exhibited wild-type leaves (Figure 6a ) and accumulated ta-siRNAs (Figure 6b ), indicating restored SGS3 activity in the ta-siRNA pathway. They also accumulated uidA siRNAs (Figure 6b ) and exhibited (c) Accumulation of TAS1, TAS2, TAS3 siRNAs and ARF4 mRNA in aerial parts of 15-day-old seedlings of the indicated genotypes. Low-and high-molecularweight RNA fractions were hybridized with TAS1, TAS2, TAS3 probes and ARF4 probes, respectively. miR390 or ethidium bromide staining, and 25S RNA served as loading controls for LMW and HMW RNA blots, respectively. Distinct boxes indicate that the samples were separated by tracks that are not relevant for this work. The original blot is presented in Figure S3 . low GUS activity (Figure 6c ), indicating the restoration of SGS3 activity in PTGS. Because a construct expressing SGS3 under the control of a different promoter is able to suppress the effect of sgs1 on siRNA accumulation, these results indicate that the sgs1 mutation probably affects SGS3 transcription. The results presented above indicate that both jmj14 and sgs1 cause a reduction in L1 transcription. This reduction appears sufficient to reduce but not impair L1 PTGS, resulting in low levels of uidA mRNA in L1/jmj14 plants. It is likely that the complete PTGS impairment observed in sgs1 is due to the additive effect of reducing both transgene and SGS3 transcription. To confirm that this effect is not specific to the L1 locus, we introduced the Hc1 locus into jmj14 and sgs1 by crossing. The Hc1 locus carries the same 35S: uidA transgene as lines L1 and 6b4. However, it triggers PTGS in only 20% of the population, and the phenomenon occurs with the same frequency in each generation, which makes this line a good reporter for monitoring the effect of mutations causing either increases or small decreases in PTGS efficiency (Gy et al., 2007; Moreno et al., 2013; Martinez de Alba et al., 2015; Yu et al., 2015; H ematy et al., 2016) . We observed that PTGS is abolished in Hc1/sgs1 but only reduced in Hc1/jmj14 plants (Figure 7a ). This result is consistent with the hypothesis that the reduction of transgene transcription caused by jmj14 or sgs1 is sufficient to reduce PTGS efficiency, but that inhibition of SGS3 by the sgs1 mutation is necessary to impair PTGS.
drm2 suppresses the effect of jmj14 and sgs1 on transgene transcription but not the effect of sgs1 on SGS3
To further investigate the respective effect of jmj14 and sgs1 on transgene transcription and siRNA production, we generated 6b4/jmj14 drm2, 6b4/sgs1 drm2, Hc1/jmj14 drm2 and Hc1/sgs1 drm2 double mutants. Indeed, jmj14 and sgs1 cause an increase in DNA methylation at the transgene 35S promoter, which is probably responsible for the reduction of transgene transcription (Le Masson et al., 2012; this work) . Therefore, we anticipated that the drm2 mutation would prevent de novo methylation of the 35S promoter induced by jmj14 or sgs1, allowing transgene transcription to be maintained at the wild-type level. This hypothesis is supported by the fact that 6b4/ jmj14 and 6b4/sgs1 exhibit reduced GUS activity compared with 6b4, whereas wild-type GUS levels are restored in 6b4/jmj14 drm2 and 6b4/sgs1 drm2 (Figure 7b) . Consistently, DNA methylation induced at the 35S promoter in 6b4/sgs1 is erased in 6b4/sgs1 drm2 (Figure 7c) . Therefore, analyzing Hc1 in jmj14 drm2 and sgs1 drm2 backgrounds allows us to look specifically at the effect of jmj14 and sgs1 on PTGS. Results presented in Figure 7 (a) indicate that PTGS occurs in 25% of the Hc1/jmj14 drm2 population, i.e. at the level observed in wild-type plants. In contrast, PTGS is not restored in Hc1/sgs1 drm2 (Figure 7a ). It is likely that reduced Hc1 PTGS observed in jmj14 is caused by the reduction of transgene transcription due to hypermethylation via DRM2, whereas the absence of Hc1 PTGS observed in sgs1 is caused by both the reduction of transgene transcription and the reduction of SGS3 activity. Therefore, Hc1 PTGS is restored to the wild-type level in Hc1/ jmj14 drm2 because drm2 prevents the reduction of transgene transcription by jmj14, whereas it is not restored in Hc1/sgs1 drm2 because drm2 prevents the reduction of transgene transcription by sgs1 but not the downregulation of SGS3 caused by sgs1 (Figure 7e ). Figure S2 . Note that the right part of this figure corresponds to Figure 2( Consistent with this hypothesis, SGS3 downregulation in sgs1 does not correlate with increased DNA methylation at the SGS3 promoter ( Figure 7d ) and drm2 is unable to suppress the effect of sgs1 on SGS3. Our results therefore indicate that sgs1 does not downregulate SGS3 through DNA methylation, suggesting other means of regulation.
DISCUSSION
During the last 20 years, work has revealed a growing number of cellular components controlling RNA silencing. Core components were identified in multiple screens because of their essential roles, whereas accessory or regulatory components are progressively being revealed as Fold change the number of approaches (genetic or biochemical screens) increase and as these screens look deeper for mutants exhibiting partial or limited silencing defects. Interestingly, an increasing overlap between TGS and PTGS pathways has emerged from recent studies. Indeed, TGS and PTGS have long been considered as separate pathways. This mostly holds true in term of maintenance, but not when considering initiation. For example, it was recently shown that the initial silencing of active transposons involves siRNAs produced by RDR6, a component of the PTGS pathway, before TGS gets established and maintained by the canonical RdDM pathway (McCue et al., 2012 (McCue et al., , 2015 Mar ı-Ord oñez et al., 2013; Nuthikattu et al., 2013) . Reciprocally, several genetic screens pointed to the involvement of components of the RdDM pathway in certain forms of PTGS, including virus-based transgene PTGS (Herr et al., 2005) , graft-transmissible PTGS (Brosnan et al., 2007) and cell-tocell transmissible PTGS (Dunoyer et al., 2007; Smith et al., 2007) . Moreover, chromatin modifiers or readers have been identified in PTGS screens. For example, mutants defective in JMJ14, a H3K4me3 demethylase, have been retrieved from two independent PTGS screens (Searle et al., 2010; Le Masson et al., 2012) . One screen was based on the JAP3 locus, which produces PDS dsRNA in companion cells of the phloem, resulting in PTGS of the endogenous PDS mRNA in a layer of 15 cells around the veins . The second screen was based on the L1 locus, which produces aberrant uidA RNAs that activate the production of uidA dsRNA and siRNA and the destruction of uidA mRNA all over the plant (Elmayan et al., 1998) . The exact role of JMJ14 in these two forms of PTGS has so far remained a mystery. Recently, JMJ14 was shown to regulate a subset of about 700 endogenous genes through its interaction with two closely related transcription factors, NAC50 and NAC52 (Ning et al., 2015; Zhang et al., 2015a) .
Reverse genetics experiments using the JAP3 line showed that mutations in NAC52 affect PTGS similarly to jmj14 mutants, whereas mutations in NAC50 have moderate effects, indicating that it is mostly the JMJ14-NAC52 module that controls this form of PTGS (Zhang et al., 2015a) . (b) Accumulation of TAS3, TAS1 and uidA (GUS) siRNAs in aerial parts of 17-day-old seedling of the indicated genotypes. U6 served as a loading control. #1.1 and 1.7, #3.13 and 3.15, #34.6 and 34.14 are progeny of independent transgenic plants #1, #3 and #34 shown in (a). Distinct boxes indicate that the samples were separated by tracks that are not relevant for this work. The original blot is presented in Figure S4 . Here we describe the identification of a novel nac52 allele, referred to as sgs1, which impairs L1 PTGS, and we show that a nac50 mutation does not affect L1 PTGS, suggesting that NAC52 is generally required for the functioning of JMJ14 in PTGS. Importantly, JMJ14 impairment generally reduces transgene transcription whether the transgene locus considered undergoes PTGS or not (Le Masson et al., 2012) . Similar observations were made using sgs1, the NAC52-defective mutant recovered in the L1 PTGS screen (Figure 2) . Indeed, reduced steady-state levels of mRNA, reduced PolII occupancy, reduced levels of active chromatine marks (H3K4me3, H3K36me3) and increased levels of DNA methylation in the transgene promoter are observed in jmj14 and sgs1, indicating reduced transgene transcription. It is likely that increased DNA methylation is the actual cause of reduced transcription because the effect of jmj14 and sgs1 on transcription is suppressed by drm2, a mutation that compromises de novo DNA methylation (Figure 7) . Nevertheless, the effect of jmj14 and sgs1 on transgene transcription is moderate. Indeed, steady-state levels of mRNA, PolII occupancy or H3K4me3 and H3K36me3 levels are reduced two-fold in jmj14 and sgs1 (Figures 2 and 4) . Considering that JAP3 and L1 hemizygous plants, which express half a dose of transgene RNAs, trigger PTGS almost as efficiently as JAP3 and L1 homozygous plants, it is unlikely that the two-fold reduction of transgene transcription caused by jmj14 and sgs1 prevents PTGS. Actually, PTGS still occurs in veins of JAP3/jmj14 and JAP3/ nac52 plants and only a two-fold reduction in the levels of PDS siRNAs is observed (Searle et al., 2010; Le Masson et al., 2012; Zhang et al., 2015a) . Moreover, uidA mRNA and GUS activity levels are 10 times lower in L1/jmj14 plants than in L1/rdr6 PTGS-deficient controls, whereas only a two-fold difference is observed between L1/jmj14 rdr6 and L1/rdr6 (Figure 4 ), indicating that PTGS is still operating to some extent in L1/jmj14.
Contrasting the situation in jmj14, uidA mRNA and GUS activity are two-fold lower in L1/sgs1 plants than in L1/rdr6, but they are similar in L1/sgs1 and L1/sgs1 rdr6 (Figure 4) . These results therefore indicate that both jmj14 and sgs1 cause a two-fold reduction in transgene transcription, but that residual PTGS is operating in jmj14 but not sgs1. Importantly, when compared with jmj14, sgs1 exhibits additional developmental defects that point to defects in the siRNA amplification machinery (Figure 3) . Examination of the steady-state levels of components of the PTGS machinery revealed that SGS3 is strongly reduced in sgs1 whereas it is marginally affected in jmj14 ( Figure 5 ). This downregulation occurs at the transcriptional level because ectopic expression of SGS3 under a different promoter restores a wild-type phenotype (Figure 6 ). SGS3 acts together with RDR6 and SDE5 to promote the production of secondary siRNAs, including ta-siRNAs (Peragine et al., 2004; Vazquez et al., 2004; Hernandez-Pinzon et al., 2007) . The RDR6/SDE5/SGS3 module is not required for PTGS triggered by the JAP3 locus Parent et al., 2015b) , whereas it is essential for the amplification of L1 PTGS (Mourrain et al., 2000; Jauvion et al., 2010) . To account for the difference between sgs1 and jmj14, sgs1 was compared with nac50, nac52 and nac50 nac52 mutants. Neither jmj14, nac50, nac52 nor nac50 nac52 mutants recapitulate leaf defects (Figure 3a) , ta-siRNA levels (Figure 3d ; Le Masson et al., 2012) or SGS3 levels observed in sgs1 (Figure 5d ). Moreover, L1/nac50 nac52 exhibited GUS activity and uidA mRNA accumulation similar to that observed in L1/jmj14 (Figure 4b ), i.e. below the levels observed in L1/sgs1. Therefore, sgs1 behaves as a loss of NAC52 function towards flowering and transgene transcription. However, its specific effect on ta-siRNA production and transgene PTGS suggests that a mutant NAC52 protein that has additional function is produced in sgs1, making sgs1 a neomorphic allele rather than a typical nac52 null allele. The sgs1 mutation changes arginine R32 into glutamine (Figure 1b ). This arginine is conserved among the NAC family of proteins. In NAC19, it corresponds to R19, which is involved in homodimerization (Olsen et al., 2005;  Figure S5 ). Therefore, it is possible that the sgs1 mutation results in the production of a mutant NAC52 protein that is unable to interact with itself, thus impairing the regular functioning of the JMJ14/NAC52 module. In addition, it is possible that, due to this amino acid change, the mutant NAC52 monomers produced in sgs1 become able to interact with proteins that naturally do not interact with wild-type NAC52 homodimers, resulting in a reduction of the activity and/or amount of these proteins. F 1 hybrids obtained by crossing sgs1 to a nac52 null allele exhibit leaf defects similar to homozygous sgs1 mutants (Figure 3e ), indicating that sgs1 behaves in a dominant manner over a nac52 null allele. This is probably due to the fact that NAC52 feedback repression (Ning et al., 2015; Zhang et al., 2015a ) is lost, resulting in over-accumulation of mutant NAC52 mRNA in sgs1 (Figure 1d) , and presumably over-production of mutant protein. To explain how SGS3 is downregulated in sgs1, we propose that the mutant NAC52 protein produced in sgs1 binds to a protein required for SGS3 transcription, thus limiting its activity and/or amount. Comparing the set of wild-type NAC52-interacting proteins with the set of sgs1-type NAC52-interacting proteins will help identify which protein(s) specifically bind(s) to the sgs1-type NAC52 protein, and determine their role(s) in SGS3 transcription.
To conclude, JMJ14 and NAC52 act together to promote transgene transcription. As a consequence, both jmj14 and nac52 loss-of-function mutants exhibit reduced transgene transcription and reduced PTGS. However, there is still residual PTGS, in particular in S-PTGS systems that require siRNA amplification. The neomorphic sgs1 allele reduces transgene transcription, and it also reduces SGS3 expression which is required for siRNA amplification, thus explaining why sgs1 has a stronger effect than jmj14 or nac52 on S-PTGS systems but not on IR-PTGS systems that do not require siRNA amplification.
EXPERIMENTAL PROCEDURES

Plant material
Lines L1, Hc1, 6b4 and the rdr6(sgs2-1), nac50-1 (SAIL_841_F01), nac52-1 (SALK_056304C), nac50 nac52 (CRISPR), jmj14-4, drm2-3 mutants have been described previously (Elmayan et al., 1998; B eclin et al., 2002; Morel et al., 2002; Searle et al., 2010; Naumann et al., 2011; Le Masson et al., 2012; Ning et al., 2015; Zhang et al., 2015a,b) . Analyses were performed either on in vitro shoots grown for 17-20 days on bouturage S-medium (#S0261 Duchefa, https://www.duchefa-biochemie.com/) or cauline leaves of flowering plants grown in vitro for 14 days and transferred to soil in controlled growth chambers. All plants were grown in standard long-day conditions (16 h light, 8 h dark) at 20°C.
Plasmid constructs
The pUBQ10:NAC52, pUBQ10:NAC52-GFP and the pUBQ10:NAC50 constructs were produced using Gateway technology (Invitrogen, http://www.invitrogen.com/) as follows. NAC50 and NAC52 genomic sequences starting at ATG and ending at the stop codon were PCR amplified using attB1NAC52F, attB2NAC52R, attB1NAC50F and attB2NAC50R Gateway-adapted oligonucleotides (Table S1 ). After recombination into pDONR-207 vector through the Gateway BP recombinase reaction (Invitrogen) and verification by sequencing, final recombination into pUB-DEST, pUBC-GFP-DEST (Grefen et al., 2010) through the Gateway LR reaction (Invitrogen) created pUBQ10:NAC50, pUBQ10:NAC52, pUBQ10:NAC52-GFP, respectively. The pSGS3-SGS3 and p35S-SGS3 constructs are respectively described in Elmayan et al. (2009) and Mourrain et al. (2000) .
Plasmids were introduced in Agrobacterium tumefaciens C58 and used to transform plants with the floral dip method (Clough and Bent, 1998) .
Molecular analyses
DNA extraction, RNA extraction, gel blot analyses and quantification of GUS activity were performed as described previously (Gy et al., 2007; Mallory et al., 2009) . All RNA gel blot analyses were performed using 5-10 lg of total RNA. uidA, 35S, ARF4, TAS1, TAS2, TAS3, U6, miR390 and 25S probes have been described before (Gy et al., 2007; Smith et al., 2007; Elmayan et al., 2009; Mallory et al., 2009) . The NAC52-specific probe was obtained by amplification of a 161-bp fragment DNA using NAC52probeF and R primers (Table S1 ). Hybridization signals were quantified using a Typhoon FLA9500 imager and normalized to a U6 oligonucleotide probe for LMW and a 25S DNA probe for HMW gel blot analyses. For cDNA synthesis, RNAs were extracted with the Plant RNeasy kit (Qiagen, http://www.qi agen.com/), treated with DNaseI (Invitrogen) and 1 lg of DNAfree RNA was reverse transcribed with an oligo d(T) 18 NN using the RevertAid H Minus Reverse Transcriptase (ThermoFisher, http://www.thermofisher.com/).
For the quantitative (q)PCR DNA methylation assay, DNA was extracted using the Nucleospin Plant II kit from , http://www.mn-net.com/). One hundred and fifty nanograms of DNA was digested with MspI (ER0541), HpaII (ER0511), HaeIII (ER0151) or HpyCH4IV (R0619) DNA methylationsensitive enzymes from ThermoFisher Scientific in 50 ll overnight at 37°C. Undigested DNA was used as a control. DNA were diluted three times before qPCR using 35S-F2, 35S-rev, SGS3F1, SGS3R1, SGS3F2, SGS3R2, SGS3F3 and SGS3R3 primers (Table S1) .
Chromatin immunoprecipitation was performed with 2 g of crosslinked chromatin from in vitro shoots 15 days after germination as previously described (Moehs et al., 1988; Gendrel et al., 2002; Le Masson et al., 2012) . The chromatin solution was sonicated with 2 9 5 cycles of sonication (30 sec ON, 30 sec OFF) with a Biorutor UCD200 (Diagenode, https://www.diagen ode.com/). Fifty microliters of Dynabeads Protein G (Invitrogen) was washed twice and resuspended in 50 ll of ChIP dilution buffer. Antibodies were added: H3 (2 ll of Abcam Ab1791, http:// www.abcam.com/), H3K4me3 (5 ll of Millipore 07-473, http:// www.merckmillipore.com/), Polymerase II (5 ll of Abcam Ab817) and incubated for 4 h at 4°C with gentle rotation on a wheel. After three washes with ChIP dilution buffer, 100 lL of the chromatin solution diluted 10 times was added to the antibodies loaded on the beads and incubated overnight at 4°C with gentle rotation for histone capture. The washing of beads was performed as described (Gendrel et al., 2005) . Reverse crosslink (5 h at 65°C) and elution was performed using an Ipure kit (Diagenode). The final elution was performed in 60 ll and the chromatin stored at À20°C until analysis.
Quantitative PCR
All qPCRs were performed with the SSOAdvanced Universal SYBR mix from Bio-Rad (http://www.bio-rad.com/) and amplified on a CFX connect from Bio-Rad. Specific oligonucleotides are listed in Table S1 . Forty cycles of amplification were used at an annealing temperature of 60°C for all oligonucleotide pairs.
For ChIP-qPCR, 2 ll of the chromatin solution was used. The ChIP-qPCR analyses were performed in triplicate using anti-histone H3 to normalize levels to nucleosome occupancy. Levels are given as percentages of IP/Input relative to GAPDH used as a control (Czechowski et al., 2005) . Results are expressed as (%input/% input H3) for a given gene/(%input/%input H3) for GAPDH. At least two biological replicates and two technical replicates were analyzed each time.
For reverse transcription-quantitative polymerase chain reaction, cDNAs were diluted 10 times. Results were normalized to GAPDH (Czechowski et al., 2005) and are expressed as (2 (Cq control À Cq genotype) for a given gene/2 (Cq control À Cq genotype) for GAPDH). At least two biological replicates were analyzed each time.
For qPCR DNA methylation assays, the fold change between digested and undigested DNA for the tested region is normalized to the fold change between digested and undigested DNA for a region that is not recognized by the enzymes. Results are expressed as (2 À(Cq non-digested DNA À Cq digested DNA) [sequence of the tested region]/2 À(Cq non=digested DNA À Cq digested DNA) [sequence not cleaved by the enzymes]). Two biological replicates were analyzed each time.
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